Mixtures of polymers and surfactants are commonly found in a range
INTRODUCTION
Polymers and surfactants are commonly found in many food, pharmaceutical and chemical industry products. An interaction between а polymer and а surfactant often takes place when they are jointly found in a solution. The polymer-surfactant interaction influences physico-chemical properties of the solutions and is often employed to achieve different effects such as emulsification, colloidal stability, viscosity enhancement, gel formation, solubilization, phase separation, etc. Details of polymer-surfactant interaction depend on molecular characteristics and concentration of both polymer and surfactant (1, 2, 3) .
Hydroxypropylmethyl cellulose (HPMC) is a nonionic water-soluble cellulose ether. It is obtained by partial substitution of hydroxyl groups of cellulose with hydrophobic hydroxypropyl and methyl groups. The substituents make HPMC a typical amphiphilic polymer with properties such as ability to adsorb at air-water and oil-water interface, emulsification, self-assembly, and association with other amphiphilic molecules (4, 5) . In this regard, the addition of low molar mass surfactants, especially anionics such as sodium dodecylsulfate (SDS), to HPMC solution may result in a polymer-surfactant interaction. The HPMC-SDS interaction takes place when the SDS concentration (C SDS ) exceeds the critical association concentration (CAC), which is a minimal surfactant concentration required for the onset of association of the surfactant and the polymer (6) . The HPMC-SDS interaction takes place via hydrophobic moieties of the components, where SDS binds to HPMC chains and thereby brings about formation of the HPMC-SDS complex. The binding and complex formation support physical cross-links between entangled HPMC chains, which result in an increase in the viscosity of the HPMC/SDS mixtures. At the same time, formation of negatively charged SDS micelles along HPMC chains progressively converts the nonionic polymer into a polyanion. As C SDS is further increased, the electrostatic repulsive forces between the neighboring HPMC chains start to dominate, the network structure is gradually lost, and consequently, the viscosity of the HPMC/SDS mixture drops. Individual HPMC chains become fully solubilized with SDS when C SDS reaches the polymer saturation point (PSP). The increase in C SDS above PSP causes only a slight decrease in the viscosity of the HPMC/SDS mixtures as a result of formation of free SDS micelles in the solution, which brings about slight conformational changes of the SDS-solubilized HPMC chains (7, 8, 9) .
In this work, the influence of the ionic strength on the formation of the HPMC-SDS complex was studied by a rheological investigation of HPMC/SDS mixtures of different SDS concentration and different ionic strength.
EXPERIMENTAL

Materials
Hydroxypropylmethyl cellulose (trade name Methocel K100M CR, methoxyl content 22.6 %, hydroxypropyl content 10.5 %) was obtained from Colorcon Ltd., England. The viscosity average molar mass was M v =717,490 g/mol, and the overlap concentration was c * =0.072 % w/v, as determined by capillary viscometry (10) . Sodium dodecylsulfate purity >99 %, was obtained from Merck, Germany. The critical micelle concentration determined at 20 o C by conductometric titration was CMC=0.244 % w/v. All samples were used without any further purification. Demineralized water was used as a solvent.
Preparation of solutions
The HPMC stock solutions of different ionic strength (0.00M, 0.01M and 0.05M NaCl) were prepared by dispersing HPMC powder in the corresponding NaCl solutions at 80 The HPMC/SDS mixtures of desired ionic strength (0.00M, 0.01M and 0.05M NaCl) were containing 0.7 % w/w HPMC and 0.00-2.50 % w/w SDS, and were prepared by mixing HPMC stock solutions with the SDS stock solutions and appropriate dilution with NaCl solutions. The mixtures were vigorously hand-mixed, and were left for 48 h prior to further use.
Rheological measurements
Rheological measurements were performed on a RheoStress 600HP rheometer (ThermoHAAKE, Germany), at 20 o C. The cone and plate geometry was used (d=60 mm, θ=1 o ), and the steady-state controlled rate method was employed to measure apparent viscosity η at different shear rates (11) . The apparent viscosity was normalized against the zero shear viscosity η 0 (i.e. η/η 0 ) when plotting the viscosity curves. The zero shear viscosity was determined at sufficiently low shear rates, where the apparent viscosity is shear rate independent and a Newtonian plateau is observed.
RESULTS AND DISCUSSION
The zero shear viscosity of HPMC/SDS mixtures of different ionic strength
The influence of C SDS on the zero shear viscosity of HPMC/SDS mixtures of different ionic strength is shown in Figure 1 . 
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It can be seen that the increase in C SDS increased the viscosity of the 0.00M NaCl HPMC/SDS mixture, to reach a maximum at C SDS =0.35 % wt. The increase in the viscosity is due to the formation of the HPMC-SDS complex, which takes place when C SDS is higher than the critical association concentration CAC=0.15 % wt. The complex formation takes place via hydrophobic interactions, where SDS molecules bind to the HPMC chains. SDS forms micelles around the hydrophobic moieties of the neighboring HPMC chains, which strengthens the network of entangled HPMC chains and results in an increase in viscosity (12, 13) . Further increase in C SDS brings about a decrease in the viscosity of the HPMC/SDS mixture. The binding of SDS causes an increase in the negative net charge of HPMC chains and thus electrostatic repulsion between neighboring HPMC chains takes place, which results in gradual disentanglement of chains, network looseness, and consequently, in a drop in the viscosity of the mixtures (14) . The changes in the viscosity of the HPMC/SDS mixtures take place no more, and a constant value is reached at the C SDS of 1.50 % wt. This indicates that the HPMC-SDS interaction is finished, and that C SDS reached the polymer saturation point (PSP). At the PSP, all hydrophobic moieties of the HPMC chains are fully solubilized with SDS micelles, the intermolecular links between the neighboring HPMC chains are broken, and the 3D network structure is completely lost (8, 9) .
The same trends in the change of the zero shear viscosity as a function of C SDS are observed when the ionic strength of the HPMC/SDS mixtures is increased, indicating the same HPMC-SDS interaction mechanism. However, at increased ionic strength, the viscosity in the interaction region is higher when compared to the zero ionic strength mixture, Figure 1 . This is especially true for the 0.05 % wt. NaCl mixtures (data not shown), where for the C SDS ranging from 0.15 to 0.55 % wt., the viscosity was so high that it was not possible to prepare homogeneous samples for rheological measurements. The increased viscosity comes from the pronounced charge screening effect of Na + ions, which enables formation of SDS micelles with higher aggregation number around the hydrophobic moieties of HPMC chains (1, 15) . This strengthens the network and results in an increase in the viscosity. At C SDS >PSP, an increase in the ionic strength of the HPMC/SDS mixtures leads to a decrease in the viscosity. Namely, the charge screening makes HPMC chains solubilized by SDS effectively less charged, which makes them smaller, and this consequently brings about a decrease in the viscosity of the mixtures.
Influence of shear rate on the viscosity of HPMC/SDS mixtures of different ionic strength
The viscosity curves of the HPMC/SDS mixtures having different concentration of SDS and 0.00M NaCl ionic strength are shown in Figure 2 . The mixtures with C SDS < 0.35% wt. and >1.50 % wt. show a typical shear thinning flow behavior, where viscosity decreases on the increase in the shear rate. However, when C SDS =0.55-1.00 % wt. shear thinning is observed only at lower shear rates. When a critical shear rate is reached, the viscosity of the mixtures sharply increases, flow profile changes from shear thinning to shear thickening, indicating a shear-induced structure formation (16) The shear thickening flow is also observed when ionic strength of HPMC/SDS mixtures is increased, Figure 3 and Figure 4 , where the shear thickening region extends to higher SDS concentrations. In the 0.01M NaCl mixtures the shear thickening flow is observed up to C SDS =1.50 % wt., while in the 0.05% wt. NaCl mixtures the shear thickening flow is observed up to C SDS =2.00 % wt., indicating that an increase in ionic strength of HPMC/SDS mixtures supports the shear-induced structure formation. The influence of the SDS concentration on the critical shear rate, i.e. the shear rate where the onset of shear thickening takes place, for the HPMC/SDS mixtures of different ionic strength is shown in Figure 5 . It can be seen that the critical shear rate increases when the C SDS of the HPMC/SDS mixture is increased, regardless of the ionic strength of the mixtures. This indicates that for a more solubilized HPMC-SDS complex a larger shear is needed to bring about conformational changes of the HPMC chains. The conformational changes make the new hydrophobic moieties available for the establishment of the intermolecular link supported by SDS binding, and eventually lead to an increase in viscosity. On increasing the ionic strength of the HPMC/SDS mixtures the critical shear rate decreases. This is attributed to the charge of the screening effect of Na + ions, which makes the HPMC-SDS complex effectively less charged and thus more flexible and prone to conformational changes under the effect of shear, as opposed to highly charged polyanions having a rigid, rodlike conformation.
CONCLUSION
Interaction in the HPMC/SDS mixtures takes place when C SDS is higher than the critical association concentration CAC=0.15 % wt. and ends at the polymer saturation point PSP=1.50 % wt. The increase in the ionic strength of the HPMC/SDS mixtures influence the interaction, as evidenced by an increase in the viscosity of the mixtures in the interaction region (CAC<C SDS <PSP), and a decrease in viscosity for C SDS >PSP. The HPMC/SDS mixtures show a shear thinning or shear thickening flow behavior, depending on C SDS and ionic strength of the mixtures, indicating that a product design having desirable rheological properties can be achieved by careful tuning of polymer-surfactant interactions.
